High Grade Serous Ovarian cancer (HGSOC) is a major unmet need in oncology, due to its precocious dissemination and the lack of meaningful human models for the investigation of disease pathogenesis in a patient-specific manner. To overcome this roadblock, we present a new method to isolate and grow single cells directly from patients' ascites, establishing the conditions for propagating them as single-cell derived ovarian cancer organoids (scOCOs). By single cell RNA sequencing (scRNAseq) we define the cellular composition of metastatic ascites and trace its propagation in 2D and 3D culture paradigms, finding that scOCOs retain and amplify key subpopulations from the original patients' samples and recapitulate features of the original metastasis that do not emerge from classical 2D culture, including retention of individual patients' specificities. By enabling the enrichment of uniquely informative cell subpopulations from HGSOC metastasis and the clonal interrogation of their diversity at the functional and molecular level, this method transforms the prospects of precision oncology for ovarian cancer.
Introduction
High Grade Serous Ovarian cancer (HGSOC) constitutes a major unmet need in oncology as one of the tumor types for which least progress has been made in the past decades. It has remained one of the most lethal gynecological cancers, due to the failure of surgery and chemotherapy at eradicating the disease and the ensuing nearly invariable recurrence 1, 2 . This is, in turn, the result both of factors inherent to the biology of the disease and of technical limitations that have so far hampered its study.
The former relate, first of all, to the specific features of the anatomical district that enable very precocious dissemination through the abdomen, with metastatic ascities often concomitant with the first diagnosis. In addition, converging evidence points to the pharmacological resistance of the tumor propagating cells, varyingly referred to as cancer stem cells (CSCs) or cancer initiating cells (CICs) , that can, thus, persist after chemotherapy and can often 3, 4 remain quiescent for months in the peritoneal cavity from which they fuel renewed and/or continuous growth 5, 6 .
Among the technical hurdles that have hampered progress, the community has become increasingly aware of the inadequacy of available ovarian cancer cell lines to model physiopathologically relevant aspects of the disorder. Not only they do not allow, by definition, to correlate molecular aberrations to clinical histories 7 and are thus of no use to advance the precision oncology agenda, but, at an even more basic level, most of the classically used lines feature genomic profiles that do not recapitulate the landscape of alterations observed in most primary tumor isolates 2, 8, 9 . The development of new methods to robustly capture, from the original lesions and in a patient-specific manner, the cell subpopulations that maintain tumor growth is, thus, a key priority in the field. In cancer, organoids have been derived from several tumor types [11] [12] [13] [14] [15] , with colorectal cancer (CRC) organoids paving the way in demonstrating the transformative impact of such avatars in terms both of patient-specific modelling and of mechanistic insight into human tumor biology. The capacity to derive CRC organoids from individual tumor cells has been in this respect particularly salient, enabling to probe the mutational and functional diversification of individual tumor cells at unprecedented resolution 16 .
For HGSOC there are no organoid-based platforms that allow the prospective propagation and molecular characterization of individual tumor cells. Thus, we set out to establish a new method to isolate and grow them in 3D, taking advantage of the ability of HGSOC cancer initiating cells to grow in an anchorage-independent manner 17, 18 and harnessing this property for the establishment of clonal cultures in individual wells that could, thus, allow longitudinal tracing of their propagated features. Importantly, given the specific features of the disease recounted above, we reasoned that the method would be particularly relevant if applicable directly to metastatic ascitis, as a highly informative disease stage of relatively easy access for the streamlined translation of this method to the clinical setting. Finally, we used single cell RNA sequencing (scRNAseq) to define the cellular composition of HGSOC metastatic ascitis and trace its propagation in both 2D and 3D culture paradigms, finding that single cell-derived ovarian cancer organoids (scOCOs) recapitulate key features of the original metastasis that do not emerge from classical 2D culture, including retention of individual patients' specificities. Thus, this method establishes the feasibility of enriching physiopathologically relevant cell subpopulations directly from HGSOC ascitis and clonally investigating their diversity at the functional and molecular level.
Results

Efficient derivation of ovarian cancer organoids (scOCOs) from single cells of metastatic ascites of HGSOC.
Given the lack of physiopathologically meaningful, patient-matched models of HGSOC, we set out to establish a HGSOC modeling platform to allow ( fig. 1 ): i) the streamlined and functionally based isolation of cancer propagating cells; ii) their growth into 3D organoids;
iii) their serial propagation along with the computational reconstruction of its impact on modeling; and iv) the comparison of 2D and 3D cultures paradigms at single cell resolution to benchmark their ability to recapitulate HGSOC.
A hallmark of HGSOC is the ease with which it precociously metastasizes to the peritoneal cavity, which constitutes a key hindrance to its eradication. This dissemination is accompanied by the production of peritoneal fluid (ascites) whereas tumor cells can be present both as single cells and as floating aggregates. Given the impact of early and diffused metastasis on the poor management of HGSOC, we thus reasoned that ascites would be a particularly accessible and meaningful source of tumor cells for a translationally oriented HGSOC modeling platform.
To this end, we started by developing a method for isolating and culturing individual tumor cells from patients' metastatic ascites ( fig. 1 , see Methods). Cancer Propagating Cells (CPCs), characterized by tumor-maintaining potential, self-renewal and anoikis-resistance, have been isolated from solid tumors and OC mostly by enrichment through tumor-sphere cultures, harnessing their ability to proliferate under non-adherent conditions 17, 18 . For HGSOC, however, no method is yet available for the isolation and culture of individual tumor cells. Reasoning that ascites represents a particularly favorable niche for the growth of HGSOC CPCs, we supplemented the medium for growing primary cells with cells-free ascitic fluid at different ratios to define its baseline effect (supplementary fig. S1 ; methods).
We observed a significant ascitic fluid-dependent increase in cell proliferation (supplementary fig. S2a-b) with the highest efficiency being 12.5% (Ascitic fluid: medium).
We therefore selected this concentration as reference in setting up the optimal condition for the 3D culture of individual HGSOC cells. Specifically, HGSOC ascites from five previously untreated patients (Table 1 -a) were processed in order to derive 2D cultures of tumor primary cells as described 19 ( fig. 2a) . Cells from primary 2D cultures at the first in vitro passage were suspended in ovarian cancer stem cells medium with or without ascitic fluid (with the above-defined effective concentration) and plated by limiting dilution into 96 wells ultra-low attachment V-bottom plates at the density of one cell per well. We found that in such stringent non-adherent conditions no scOCOs are generated from single cell We then aimed to determine the efficiency of this process and the robustness of scOCOs across serial propagation. To ensure the monoclonal derivation of the organoid, primary cells were stained with the green fluorescent dye PKH67 for general cell membrane labeling methods, in order to be able to trace the single cell and monitor the formation of the organoid in a single well. In order to first obtain a global representation of the dataset we applied a non-linear dimensionality reduction visualization algorithm, Uniform Manifold Approximation and Projection (UMAP 20 ) , that has been shown to identify biologically meaningful cell clusters that retain consistency across a broad range of parameters variation, such as metric and number of neighbors. In addition, as an alternative to t-SNE, this approach also affords greater preservation of the global data structure 21 To examine the salient properties of our dataset in its entirety, we then applied diffusion map, a dimensionality reduction method that preserves the underlying structure of the original dataset, thus enabling a meaningful measure of the distances and trajectories intervening across any two given cells 22, 23 (fig. 4c) . Diffusion map reveals a clear tripartition, with the fresh HGSOC samples (in yellow) widely spread but clearly demarcated from the distributions of the 3D and 2D cultures (respectively in purple and turquoise, fig.   4c ). This approach also confirmed a continuous relationship across samples represented by the overlap in the distribution of cells among the different conditions, consistent with the fact that freshly isolated tumor cells first undergo a single passage in 2D before being expanded in 3D. Importantly, this unsupervised approach also revealed that the two main components structuring the space of the diffusion map (DC1 and DC2) trace the specificity of the fresh samples from different patients, which however converge towards the region in which scOCOs cells are grouped, underscoring the consistency and homogeneity of features captured by the 3D culture system. Finally, both UMAP and diffusion map allow to draw two additional findings: i) a higher variability of 2D cultured primary cells compared to scOCOs; and ii) a high degree of consistency across scOCO passages, pointing to an enrichment in features that are specific of the 3D model.
scOCOs capture specific features of metastatic HGSOC ascites
In order to investigate the cellular composition of scOCOs, we took advantage of validated cell-type specific gene markers to define transcriptional signatures to interrogate our dataset. To assess whether our 3D system is enriching for cancer initiating cells, we employed markers that have been widely used for their isolation in solid tumors and specifically in HGSOC 18 (supplementary table 2 ). Moreover, considering that more than 90% of malignant ovarian tumors have an epithelial origin and that epithelial mesenchymal transition (EMT) is both a crucial factor for cancer progression and a prerequisite for metastatization 24, 25 , we also investigated the expression of EMT-associated genes along with those defining the epithelial compartment per se 26, 27 (supplementary table 2 Finally, we sought to determine whether scOCOs could retain also patient-specific features, despite the overall convergence observed through diffusion map ( fig. 4c ). To this end, we performed a differential expression analysis in the whole dataset to identify genes that are differentially expressed in at least one of the patients irrespective of experimental condition 28 . By this approach we identified 659 differentially expressed genes (DEGs), a subset of which, comprising 97 genes (15%), was retained between fresh tumor cells and scOCOs (supplementary fig. 6a ). This suggests that scOCOs, despite being less variable and scOCOs, whereas several were correlated between the fresh metastatic samples and, respectively, either the 2D or the 3D culture paradigms. In order to probe such similarities at the level of biological pathways, we applied gene ontology enrichment analysis on gene modules of either correlation.
The analysis on the gene modules whose transcriptional behavior is shared between fresh ascites and 2D cultures revealed an enrichment for pathways related to signal transduction that regulate cell proliferation and gene expression 29 , diapedesis 30 , activation of vitamin D receptor pathway (VDR/RXR) 31, 32 , as well as activity of integrin-linked kinase ILK 33 all of which have been involved in regulation of tumor growth and also specifically ovarian cancer, as well as octamer binding transcription factor 4 (Oct-4) regulating stem cell selfrenewal and pluripotency with emerging roles in regulating tumor initiating cells 34, 35 and Wnt beta-catenin signaling pathway (Wnt/ ) involved in stem cell regeneration and organogenesis 36 ( fig.5b) . In contrast, an ontology analysis of the genes defining the similarity between fresh ascites and scOCOs showed an enrichment in pathways related to the biosynthesis of cholesterol and triacyl glycerol biosynthesis. This is consistent with previous observations showing that abnormal expression levels and mutations of genes involved in the cholesterol homeostasis and lipid metabolism are related to cancer 37, 38 and OC 39, 40 . Likewise, Notch signaling that regulates cell proliferation, stem cell maintenance and that plays a critical role in the cross talk between angiogenesis and CICs self renewal was also an enriched pathway defining the similarity between fresh and scOCOs cells 41 ( fig. 5c ). Thus, our weighted gene co-expression network analysis (WGCNA) across conditions indicates that while 2D culture recapitulates well known biological pathways implicated in cell proliferation and tumor growth, scOCOs bring into relief additional features especially related to the metabolic and signaling state of the fresh metastatic samples that had so far resisted in vitro tractability.
Finally, to identify the specific differences between scOCOs and 2D cultured cells, we performed differential expression analysis between these two categories, identifying 104
DEGs common across all patients ( fig. 5d ). Functional analysis of this set of genes by Ingenuity Pathway Analysis (IPA) 42 revealed an upregulation of pathways related to interleukin 8 (IL8) 43 and integrin signaling in scOCOs, both correlating with tumor growth and progression ( fig. 5e ). Next, to investigate the upstream biological causes and predicted downstream effects of such differentially regulated circuits, we applied IPA causal network analysis ( fig. 5f ) and uncovered, in scOCOCs, the following two key insights: i) a downregulation of processes related to tumor cell death mediated through the action of v-rel avian reticuloendotheliosis viral oncogene homolog A also known as p65 (RELA), mitogen activated protein kinase 9 (MAPK9), mitogen activated protein kinase 14 (MAPK14), protein kinase C delta type (PRKCD) and interleukine 1 beta (IL1B); and ii) an up-regulation of the functions related to the development of epithelial tissue and cell migration, mainly mediated by IL1B, C-X-C motif chemokine 12 (CXCL12), C-X-C motif chemokine 8 (CXCL8) and tumor growth factor beta 1 (TGFB1). We can thus conclude that scOCOs retain and propagate functionally relevant features of fresh metastatic samples, including patient-specific ones, that do not emerge from current 2D culture systems.
Discussion
We present here a new method for the derivation of 3D organoids from individual cells of HGSOC metastatic ascites. The method was designed to capture, from the diversity of cell subpopulations that characterize metastatic samples, the range of individual cells that are able to propagate tumor growth in 3D, thereby enabling the functional and molecular interrogation of metastatic HGSOC cell heterogeneity.
Our method presents the following key innovations.
First, we found that filtered ascitic fluid supplementation is strictly required to enable the growth of individual cells into scOCOs and their serial propagation. Importantly, this property holds across patients, pointing to the functional relevance of components shared among metastatic ascitis samples. Thus, while the identification of the specific molecule(s) mediating this effect will be an active area of mechanistic investigation, the method can be immediately implemented harnessing the generalized effect of ascitic fluid batches in streamlined, non patient-matched settings.
Second, the molecular characterization of scOCOs compared to fresh HGSOC ascites and 2D cultures through scRNAseq reveals that scOCOs retain and amplify, better than 2D cultures, specific cell subpopulations from the metastatic sample and that these reveal distinct and thus far undetected functional specificities ( fig. 5a ). Importantly, scOCOCs also retain a significant portion of the inter-patient molecular diversity detected in the fresh metastasis ( fig. S6 ), a property that makes them relevant as sensitive, patient-matched avatars to advance precision oncology in the HGSOC field, both in terms of prognostic markers and druggable vulnerabilities.
Third, the very design of the scOCO derivation set up provides clear edges over current approaches that have been interrogating ovarian cancer stemness relying on the generation of spheroids cultured in bulk 18 . A specific hallmark of OC is indeed the intraperitoneal metastatic route that cancer cells tread through the intra-abdominal fluidfilled space where they can survive either as single cells or as multi-cellular aggregates (MCAs) 44 . That such individual floating cells can persist and fuel metastatic growth and/or relapse underscores the need to uncover their properties at clonal resolution. In this respect, the scalability of our method affords particular advantages, being uniquely suitable for high throughput plating, using microwells or micropillars 45, 46 that allow to seed one cell at the time, thus optimizing the sample yield per experiment and thereby streamlining patient-specific drug screenings. scOCOs could thus be automatically seeded in well-dense plates and observed after controlled stimulation by drugs or molecular interference, isolating the best and worst responder for further multi-omics investigation.
Such a highly scalable approach can generate large amounts of scOCOs from any patient, thus increasing statistical power for high-definition intra-patients studies.
Finally, the observation that scOCOs capture inter-patients tumor heterogeneity lays down the foundations, in HGSOC, for experimental pipelines aimed first at defining and then functionally probing the specificities of each patient's tumor through robustly propagated in vitro avatars. Together, our results demonstrate the power of scOCOs in furthering the mechanistic dissection of metastatic HGSOC by aligning clinical reasoning to physiopathologically meaningful, experimentally tractable patients' models.
Online Methods
Samples
Ascites samples were obtained upon informed consent from patients undergoing for surgery treatment for primary, not recurrent HGSOC, at the Gynecology Division of the European Institute of Oncology, IEO, Milan, Italy. Table 1 
Ascites processing.
According to the volume, the supernatant of the ascites obtained following the first centrifugation for the derivation of primary cells is transferred in 50 ml polypropylene tubes and centrifuged at (1900 x g) 3000 rpm for 30 minutes at RT in order to remove all residual cells 47 . The supernatant is collected and transferred into a disposable sterile filter system with bottle of 500ml and or 1000ml volume with a PES membrane of pore size of 0.22 micron for vacuum filtration (Sartorius stedim, Sartolab BT filter system cat.no.180C2, 180C3) while the residual pellet is discarded. The filtrate is directly used for experiments, or collected as working aliquotes in 15 ml tubes and stored at -80°C. After thawing, the filtrate is moved into a 50 ml tubes and filtrated again with a vacuum driven sterile filter of 50 ml volume (Millipore, Steriflip cat. no. SCGP00525) through a suction canister soft liners (Medline, MED-SOFT disposable pre-gelified liner).
Generation of single cell derived organoids from HGSOC ascites.
Primary tumor cells at passage 1 were dissociated through trypsin/EDTA (Lonza cat. no. The cells were centrifuged at 300 x g for 5 minutes, and the pellet was resuspended in pre warmed serum-free MEBM supplemented with 100U/ml penicillin, 100ug/ml streptomycin, 2mML-glutamine, 5ug/ml insulin, 0.5ug/ml hydrocortisone, 1U/ml heparin,2% B27, 20ug/ml 
Propagation of scOCOs in vitro.
For propagation at P2 or P3, a single organoid at day 8-11 was moved from 96-well Vbottom ultra-low attachment plates to 48-well ultra-low attachment plates (Corning), and incubated with 400 l of pre-warmed 0.25% trypsin/EDTA solution at 37 °C for 20-30 minutes with gently pipetting for 20 times every 8 minutes and visualized by microscope for the stadium of disaggregation. To avoid loose of cells the tip was always rinsed with medium before pipetting. Cells were harvested, washed once in MEBM supplemented with ascitic fluid and centrifuged at 300 x g for 5 min. Supernatant was discarded and the pellet of cells was re-seeded in 96 well plate as previously described in order to obtain passage 2, P2, which requires a culturing time of about 7-9 days. The same procedure was applied to generate scOCOs at passage 3, and organoid formation was observed also between 7-9 days. Percentage of organoid forming efficiency was calculated accordingly. 
Imaging. Image were taken with EVOS Cell Imaging Systems, and images taken in fig2d
were acquired in Leica SP5 confocal microscope with 10x objective. Image were taken every day for the first 9 days directly from the 96 wells. During the acquisition's interval the samples were store in the incubator. Image were reconstructed by a custom script using python and OpenCV. 
Statistical analysis
Statistical analyses were performed using PRISM (GraphPad, version 6.0). Statistical significance was tested with the unpaired (nonparametric) t test. N, p-values, and significance are reported in each figure and legend. All results were expressed as means ± SD.
Data analysis
Single cell sequenced libraries were aligned with CellRanger pipeline, we used Hg38 for indexing reference transcripts. Resulting data was imported in python as anndata object.
We used scanpy vs 1. For graphs in Figure 4d we calculated z score considering all the cells regardless of the condition. In the left panels we kept the diffusion coordinates and considered the same color scale for all the graph. The same z score was used in the frequency plot on the right, plotted data was normalized dividing by the area under the curve.
Single cells data was than clustered by diffusion distance to obtain more coverage and Heatmaps were generated from logCPM using a modified version of Clustergrammer 49 , hierarchical clusterings, were included, were performed considering correlation as distance.
Code availability
All code used for analysis is available from the corresponding author upon reasonable request.
Data availability
All RNAseq data presented in this study will be made available in the recommended public repositories upon publication. 
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